In-situ TEM-heating study of the microstructural evolution of CrFeCoNiCu high entropy alloy (HEA) thin films was carried out and morphological and phase changes were recorded. Post annealing investigation of the samples was carried out by high resolution electron microscopy and EDS measurements. The film is structurally and morphologically stable single phase FCC HEA up to 400 • C. At 450 • C the formation of a BCC phase was observed, however, the morphology of the film remained unchanged. This type of transformation is attributed to diffusionless processes (martensitic or massive). From 550 • C fast morphological and structural changes occur, controlled by volume diffusion processes. Fast growing of a new intermetallic phase is observed which contains mainly Cr and has large unit cell due to chemical ordering of components in <100> direction. The surface of the films gets covered with a CrO-type layer, possibly contributing to corrosion resistance of these.
Introduction
High entropy alloys (HEAs) are multi-component alloys in which at least five elements of concentration between 5 and 30 at % are combined [1] . The basic idea is to reduce the Gibbs free energy through maximizing the configuration entropy, which facilitates the formation of random solid solution rather than a complex microstructure built up by intermetallic compounds [2, 3] . Thus, studying the structure and stability of HEA during high temperature treatments [4] [5] [6] both at the micro-and atomic levels, is a critical issue in understanding of their growth processes.
Detailed structural investigations of bulk HEA have shown that some ordered solid solutions as well as intermetallic compounds can precipitate from the homogeneous matrix at room temperature (RT) and at elevated temperatures as well. For example, ordered FCC phases were found at RT in the Al 0.5 CoCrCuFeNi [7] and Al 0.3 CoCrFeNi [8] as well disordered BCC and ordered B2 phases in Al 0.5 CoCrCuFeNi [9] and Al x CoCrFeNi [10] . The size and the lattice parameter of these BCC grains have been found to be of the order of ten micrometers and 0.289 nm respectively, regardless of their composition.
Several studies deal with structural changes in HEAs at elevated temperatures. The CrFeMnCoNi alloy, considered as a stable HEA at temperatures below its melting point, formed both carbide and σ phase at grain boundaries of the FCC matrix after prolonged exposures to 700 • C [11] . Recent investigations show that in the same material three different phases (L10-NiMn, B2-FeCo and a Cr-rich body-centered cubic, BCC phase) can precipitate at the grain boundaries after long time annealing in the 500-900 • C temperature interval [12] . With a minor addition of Al to CrFeCoNi HEA it also became unstable leading to the formation of a Cr-rich phase after a long time annealing at 750 • C [13] . The formation of σ phase is reported after annealing at 1000 • C for 15 min of the CrCuCoFeNi alloy as well [14] . Synchrotron XRD results [15, 16] show that the microstructure at RT of bulk as-cast CrFeCoNiCu alloy exhibits two FCC phases of lattice constants 0.361 nm and 0.358 nm. One of these phases is Cu-poor with dendritic morphology and the other is a Cu-rich interdendritic phase. Moreover, the two-phase structure is preserved even after a heat treatment at 1100 • C and 1250 • C and, in parallel, the Cu content of the interdendritic region increased [17, 18] .
Most of these results were obtained with the aim of understanding structural changes within the as cast or homogenized HEA at elevated temperatures, and indicate that the effect of sluggish cooperative diffusion and negative mixing entropy of elements, which inhibits the growth of new phases and nanoparticles at low temperatures, diminishes under heat treatment.
Based on these experimental results, scientific attention has been focused on the application of HEAs as thin film materials. Due to the higher cooling rate and vapor-solid formation mechanism [15] , these films can provide different (nano) structural properties compared to bulk HEA. The Al 0 . 5 CrFeCoNiCu [19] thin film reported by Chen et al. in 2004 showed a FCC single solid solution based on X-ray diffraction. According to TEM, the CrFeCoNiCu (200 nm thick HEA thin film) grows in face centered cubic solid solution and no obvious Cu segregation was observed even on the nanometer scale [15, 20] . This supports the great potential of the sputtering technique to produce uniform elemental distribution leading to single phase nanostructure due to fast quenching rate as compared to the as-cast samples.
Regarding structural changes of HEA thin films at elevated temperatures only a few in-situ experiments have been published. For example, in-situ X-ray diffraction studies were carried out on 1 µm thick AlCoCrCuFeNi thin films in the temperature range 110-810 • C by Dolique et al. [21] . They found that AlCoCrCuFeNi films were stable up to 510 • C, which indicates an inferior thermal stability to their bulk counterpart (800 • C). The effect of Al on thermal behavior of Al x CoCrFeNi film was investigated by in-situ TEM heat treatment at 500 • C and 900 • C as well [22] . The results clearly confirmed that increasing the Al content initiates the formation of B2/BCC phases, which are precursors of a sigma phase.
The in-situ in TEM heating and electron irradiation experiment of a 100 nm thick sputtered CrFeCoNiCu HEA thin film in the temperature range 20-720 • C [23] also supports the formation of BCC/B2 phases at 300 • C, which is followed by sigma phase formation at 720 • C. However, a recent, in-situ TEM heating of the same polycrystalline alloy confirmed microstructure stabilization up to 300 • C during 1800 s [24] . On the other hand, it is also known, that the atomic structure (FCC or BCC or both phases) in these alloys play a sensitive role in the mechanical properties [16, 18] as well in the nucleation pathway of the sigma phase [10, 22, 23] . At the same time, the early stages of phase evolution and transformation mechanisms leading to the formation of ordered intermetallic phases (e.g., L12, B1, and sigma) at intermediate and elevated temperatures in multicomponent films are still not revealed in details.
The present work is motivated by the need for a better understanding and controlling the initial stages of phase and compositional instability of as deposited CrFeCoNiCu HEA thin films with increasing temperature. To achieve this goal in-situ TEM-heating study of the microstructural evolution of CrFeCoNiCu thin film is carried out at intermediate and elevated temperatures up to 700 • C to record the morphological and phase changes from as early stages as possible.
Materials and Methods
CrFeCoNiCu high entropy (HEA) films were deposited in a high vacuum system by direct current magnetron sputtering. Films with a thickness of 50 nm were grown at room temperature on cleaved NaCl substrate coated with about 5 nm SiO x layer as well as on 30 nm thick amorphous SiO x film substrate supported by Cu micro-grids. The substrates were placed at a distance of 120 mm from Coatings 2020, 10, 60 3 of 15 the target in the centre of the rotating substrate holder. The equiatomic concentration arc melted CrFeCoNiCu target of 99.95%, purity was mounted 25 • toward the vertical. The background pressure of the deposition system was 9 × 10 −6 Pa. High purity Ar was used as sputtering gas at a pressure of 0.25 Pa. The target was pre-sputtered for 5 min before deposition with the shutter closed. The DC power and the deposition time were set to 50 W and 5 min respectively resulting in a 50 nm thick film. The films grown on the NaCl/SiO x substrate were floated off from NaCl and placed on a micro grid. The in-situ annealing was carried out in a Philips CM20 transmission electron microscope, operated at 200 keV. The temperature was raised in steps of 50 • C from room temperature up to 700 • C, having the temperature constant at each step for 5 min. The vacuum in the microscope specimen area was maintained at 4.5 × 10 −5 Pa during the whole in-situ annealing process.
Two kinds of in-situ annealing experiments were carried out. First, the changes were followed by selected area diffraction (SAED), recording diffraction patterns from the same area of 1 µm in diameter at the end of each temperature step. For the evaluation of the SAED patterns, the camera constant was calibrated using a 50 nm thick self-supporting random nanocrystalline Al thin film.
In the second case bright field (BF) images were recorded at magnification of 50,000× at the end of each temperature step. The experiments were performed in the way to ensure the observation of changes preferably in the same area of the film. In both in-situ runs (SAED and BF), the sample was quenched to room temperature after having it hold at 700 • C for 5 min.
Energy dispersive X-ray spectroscopy (EDS) (Themis 200 G3 Super-X EDS detector, Eindhoven, The Netherlands) analysis was performed to verify the composition of the samples before and after annealing. Further structural and EDS characterization of the 700 • C annealed sample was carried out by a FEI-Themis transmission electron microscope (Themis 200 G3, Eindhoven, The Netherlands) with a Cs corrected objective lens, in both HREM (High Resolution Electron Microscope) and STEM (Scanning Transmission Electron Microscope) mode (point resolution is around 0.09 nm in HREM mode and 0.16 nm in STEM mode) operated at 200 kV.
Results

Morphology and Diffraction Analysis of the Film during Heating
As can be seen in Figure 1 , the electron diffraction pattern of the as-deposited film indicates the presence of a single FCC solid solution phase while the image shows a fine-grained microstructure of about 5-10 nm average grain size. The crystallographic orientation of the grains is random as verified by tilting experiments: the intensity distribution along the diffraction rings does not change up to 35 • of tilt angle. By averaging the lattice constants from all measurable FCC rings, the size of the unit cell of the FCC-phase is calculated to be 0.360 nm, very close to that of pure FCC Cu, and is in agreement with values published for the same alloy in literature [15, 20, 23] .
The initial processes taking place during in-situ annealing are the target of the present investigations. Selected stages of the transformation of the CrFeCoNiCu film as followed by SAED and TEM bright field (BF) images are shown in Figure 2 .
From the analysis of the SAED patterns (Figures 1a and 2a ) we conclude that up to 400 • C only the as grown FCC phase could be observed, and accordingly, BF images ( Figure 2b ) indicate that the same polycrystalline structure with a grain size about 5-10 nm was preserved. Thus, it could be concluded that the film was structurally stable up to 400 • C.
At 450 • C a new diffraction ring appears in the electron diffraction pattern. Careful analysis of the SAED pattern allowed identifying further diffraction rings which correspond to a BCC phase of lattice parameter a BCC = 0.294 ± 0.010 nm. So, we could conclude that at 450 • C the CrFeCoNiCu HEA film had a two-phase structure, composed from the original FCC and the newly formed BCC phase. It is important to note that these two lattices were related to each other by fulfilling the following relation: d(111) FCC = d(110) BCC , i.e., the lattice spacing of the {111} planes in the FCC phase was equal The initial processes taking place during in-situ annealing are the target of the present investigations. Selected stages of the transformation of the CrFeCoNiCu film as followed by SAED and TEM bright field (BF) images are shown in Figure 2 .
From the analysis of the SAED patterns (Figures 1a and 2a ) we conclude that up to 400 °C only the as grown FCC phase could be observed, and accordingly, BF images ( Figure 2b ) indicate that the same polycrystalline structure with a grain size about 5-10 nm was preserved. Thus, it could be concluded that the film was structurally stable up to 400 °C. At 600 • C a drastic change in the microstructure occurs. New grains with larger size appear as marked by A in Figure 2b and grow rapidly to a size of several 100 nm at the expense of the existing two-phase matrix. These grains must belong to the already existing BCC phase as the diffraction rings belonging to the BCC phase (Figure 2a , 600 • C) became discontinuous, indicating grain size growth and, consequently, fewer and larger BCC grains in the same selected area. Nevertheless, at 600 • C the diffraction pattern contains only the FCC and BCC reflections, i.e., no new phases formed. On the other hand, also at this temperature a redistribution of the film material could be observed. Thin, apparently void-like areas formed and grew in the FCC-BCC matrix (B in Figure 2b ). The initial processes taking place during in-situ annealing are the target of the present investigations. Selected stages of the transformation of the CrFeCoNiCu film as followed by SAED and TEM bright field (BF) images are shown in Figure 2 .
From the analysis of the SAED patterns (Figures 1a and 2a) we conclude that up to 400 °C only the as grown FCC phase could be observed, and accordingly, BF images ( Figure 2b ) indicate that the same polycrystalline structure with a grain size about 5-10 nm was preserved. Thus, it could be concluded that the film was structurally stable up to 400 °C.
(a) At 450 °C a new diffraction ring appears in the electron diffraction pattern. Careful analysis of the SAED pattern allowed identifying further diffraction rings which correspond to a BCC phase of lattice parameter aBCC = 0.294 ± 0.010 nm. So, we could conclude that at 450 °C the CrFeCoNiCu HEA film had a two-phase structure, composed from the original FCC and the newly formed BCC phase. It is important to note that these two lattices were related to each other by fulfilling the following relation: d(111)FCC = d(110)BCC, i.e., the lattice spacing of the {111} planes in the FCC phase was equal to the lattice spacing of the {110} planes of the BCC phase. No morphological changes were detectable; also the BCC grains could not be identified based on their morphology.
Upon further heating, up to 550 °C a few grains with somewhat larger size appear randomly distributed over all of the film area. The diffraction rings of the FCC host phase show texture-like redistribution manifested by the appearance of higher intensity arcs on the rings. At this temperature only the original FCC HEA phase changes, no similar texture-like redistribution was observed in the diffraction rings of the BCC phase.
At 600 °C a drastic change in the microstructure occurs. New grains with larger size appear as marked by A in Figure 2b and grow rapidly to a size of several 100 nm at the expense of the existing two-phase matrix. These grains must belong to the already existing BCC phase as the diffraction rings belonging to the BCC phase (Figure 2a , 600 °C) became discontinuous, indicating grain size growth and, consequently, fewer and larger BCC grains in the same selected area. Nevertheless, at 600 °C the diffraction pattern contains only the FCC and BCC reflections, i.e., no new phases formed. On the other hand, also at this temperature a redistribution of the film material could be observed. Thin, apparently void-like areas formed and grew in the FCC-BCC matrix (B in Figure 2b ).
The number of the large grains increased further at 650 °C (Figure 2b and Figure 3 ). In agreement with this observation the BCC rings in the diffraction pattern contained more and stronger spots. Some growth of the matrix (FCC) grains could also be concluded from Figure 2b , however, the FCC rings in the diffraction pattern (Figure 2a , 650 °C) remained continuous, indicating only minor changes. In addition, many new reflections appeared including a diffraction ring at 0.25 nm (marked by arrows in Figure 2a ). The number of the large grains increased further at 650 • C (Figures 2b and 3 ). In agreement with this observation the BCC rings in the diffraction pattern contained more and stronger spots. Some growth of the matrix (FCC) grains could also be concluded from Figure 2b , however, the FCC rings in the diffraction pattern (Figure 2a , 650 • C) remained continuous, indicating only minor changes. In addition, many new reflections appeared including a diffraction ring at 0.25 nm (marked by arrows in Figure 2a ). At 700 °C the scattered reflections already observed at 650 °C increase in number and strength and the diffraction rings of the BCC phase (a = 0.294 nm) became even less continuous though still can be distinguished. This observation implies further grain growth of the A type grains (BCC phase) in the 650-700 °C temperature interval (Figures 2 and 3 ). On the other hand, the diffraction rings of the FCC phase became also spotted (Figure 3 ), indicating a grain growth or/and decrease in number of the FCC grains. As a result, the film had a bimodal grain size distribution (Figure 3a ). The grains of the matrix phases (mainly FCC) and the large grains (A in Figure 3a ) were present having a grain size of 20-50 nm and of about a few hundred nm, respectively.
According to the phase analysis of the diffraction pattern recorded at 700 °C ( Figure 3b ) the L12 simple cubic phase reflections of the same lattice parameter as the host HEA FCC phase (a = 0.360 nm) were identified besides of the BCC phase (a = 0.294 nm). Moreover, another small grain size FCC At 700 • C the scattered reflections already observed at 650 • C increase in number and strength and the diffraction rings of the BCC phase (a = 0.294 nm) became even less continuous though still can be distinguished. This observation implies further grain growth of the A type grains (BCC phase) in the 650-700 • C temperature interval (Figures 2 and 3 ). On the other hand, the diffraction rings of the FCC phase became also spotted (Figure 3 ), indicating a grain growth or/and decrease in number of the FCC grains. As a result, the film had a bimodal grain size distribution (Figure 3a ). The grains of the Coatings 2020, 10, 60 6 of 15 matrix phases (mainly FCC) and the large grains (A in Figure 3a ) were present having a grain size of 20-50 nm and of about a few hundred nm, respectively.
According to the phase analysis of the diffraction pattern recorded at 700 • C ( Figure 3b ) the L12 simple cubic phase reflections of the same lattice parameter as the host HEA FCC phase (a = 0.360 nm) were identified besides of the BCC phase (a = 0.294 nm). Moreover, another small grain size FCC phase of a = 0.420 nm was present, which could be identified as a complex oxide phase [25] .
The measured and calculated lattice spacing values of the identified phases are summarized in Table 1 . As seen from Table 1 , there were a lot of overlaps between lattice distances of the four identified phases. Table 1 . Lattice distances of phases measured in the HEA film after annealing at 700 • C for 5 min (Figure 3 ) and calculated values for the expected phases. The textured reflections we considered to belong to the FCC and L12 phases. In this diffraction pattern the BCC phase could not be clearly observed, its scattered reflections became hardly visible in the 650-700 • C temperature interval, the overlaps with the FCC and L12 phases were evident ( Table 1 ). All the rings especially at larger d values were composed of reflections belonging to slightly different spacings. This could be due to composition and consequently lattice parameter fluctuations in the alloy. Nevertheless, the diffraction patterns in Figure 2a unambiguously show, that the 0.150 nm ring cannot belonged to the BCC and L12 phases only, as at 700 • C it reappeared and it was composed from much smaller grains than the L12 and BCC phases had (continuous ring versus spotty rings). So, together with the 0.248 nm ring, which had the same character, the 0.150 nm ring must belong to the FCC oxide phase, the small grain nature of which would be seen in the HREM images below.
Microstructure Analysis of the Film Annealed at 700 • C
A detailed high resolution structure and composition analysis of the film, formed during in-situ annealing to 700 • C was carried out in a FEI Titan-Themis microscope at room temperature.
The High Angle Angular Dark Field (HAADF) image and elemental maps of the annealed film are shown in Figures 4 and 5 . Figure 4 shows grains with dark gray contrast having the lowest average Z in their composition. These grains correspond to dark grains marked A in Figure 2b (600 • C) and 3 as well as in Figure 4 . These grains, formed in the temperature range between 600 and 700 • C were embedded in a lighter matrix of higher Z.
A detailed high resolution structure and composition analysis of the film, formed during in-situ annealing to 700 °C was carried out in a FEI Titan-Themis microscope at room temperature.
The High Angle Angular Dark Field (HAADF) image and elemental maps of the annealed film are shown in Figures 4 and 5 . Figure 4 shows grains with dark gray contrast having the lowest average Z in their composition. These grains correspond to dark grains marked A in Figure 2b (600 °C) and 3 as well as in Figure 4 . These grains, formed in the temperature range between 600 and 700 °C were embedded in a lighter matrix of higher Z. The chemical composition of different morphologies can be found in Table 2 . The small grained areas are close in composition to the original HEA with some deficit of Cr and surplus of Cu in them (locations M1 and M2 in Table 2 and Figure 4 ). Locations A1 and A2 in Table 2 and Figure 4 correspond to dark gray grains and contain mainly Cr (about 63 at. %), while Ni and Co content was significantly less, as indicated by elemental maps in Figure 5 . These results show that separation of the components in the originally single phase, homogeneous solid solution HEA film took place during the annealing above 600 °C. Table 2 . Chemical composition of the HEA film annealed at 700 °C in areas marked in Figure 4 and measured by energy dispersive X-ray spectroscopy (EDS) in STEM. Besides that, the Cr map ( Figure 5 ) shows that smaller grains, with diameter 20-50 nm could also be enriched in Cr. Fe, Co, and Ni were distributed rather evenly in the remaining matrix ( Figure  5 ). The Cu distribution, however, proved to be inhomogeneous on 10-20 nm scale. The elemental maps also indicate that the Cr-rich grains were depleted in Fe, Co, Ni, and Cu, as the Cr map and maps of the other four metal components were complementary.
Z
A general HRTEM view of the structure is shown in Figure 6a . In this figure the remaining mainly FCC HEA metallic phase was seen having a grain size of 20-50 nm, and larger grains (marked A in Figures 3a and 6a ) of the Cr-rich phase were present.
The internal structure in the large grains displays a striped contrast, corresponding to a large lattice spacing in them. The HRTEM image of these crystallites (grains) and the fast Fourier transform (FFT) diffraction pattern in the insert is shown in Figure 6b . The lattice fringe image was dominated by two spacings making 86° with each other and having periods 0.59 nm and 0.204 nm, not possible in the BCC cell. However, the Fourier transform implies close structural relationship of the Cr-rich phase large grains with the BCC phase formed at 450 °C (aBCC = 0.294 ± 0.010 nm). The structural relationship was illustrated by the directions corresponding to the BCC lattice in Figure 6b . Doubling the periodicity with respect to BCC phase was evident in the Fourier transform; however, based on the appearance of the 1/(4 × 0.294) nm −1 periodicity in the reciprocal lattice, (2 × 2 × 4)aBCC size repeating units were deduced for the structure of this grain (Figure 6a ). Additionally, a continuous/diffuse scattering of the ½½ l reflections was observed parallel to the [001]*BCC direction, indicating non-periodicity along the crystallographic c axis (Figure 6b ). In Figure 6c ,d Fourier filtered images of the same area are shown. The chemical composition of different morphologies can be found in Table 2 . The small grained areas are close in composition to the original HEA with some deficit of Cr and surplus of Cu in them (locations M1 and M2 in Table 2 and Figure 4 ). Locations A1 and A2 in Table 2 and Figure 4 correspond to dark gray grains and contain mainly Cr (about 63 at. %), while Ni and Co content was significantly less, as indicated by elemental maps in Figure 5 . These results show that separation of the components in the originally single phase, homogeneous solid solution HEA film took place during the annealing above 600 • C.
Besides that, the Cr map ( Figure 5 ) shows that smaller grains, with diameter 20-50 nm could also be enriched in Cr. Fe, Co, and Ni were distributed rather evenly in the remaining matrix ( Figure 5 ). The Cu distribution, however, proved to be inhomogeneous on 10-20 nm scale. The elemental maps also indicate that the Cr-rich grains were depleted in Fe, Co, Ni, and Cu, as the Cr map and maps of the other four metal components were complementary.
A general HRTEM view of the structure is shown in Figure 6a . In this figure the remaining mainly FCC HEA metallic phase was seen having a grain size of 20-50 nm, and larger grains (marked A in Figures 3a and 6a ) of the Cr-rich phase were present. Table 2 . Chemical composition of the HEA film annealed at 700 • C in areas marked in Figure 4 and measured by energy dispersive X-ray spectroscopy (EDS) in STEM. In Figure 6c the periodic components corresponding to the BCC 001 and 110 distances are shown and all the other components were removed from the image by filtering. The image visualizes the periods, corresponding to aBCC = 0.294 nm = d001 and at an angle of 90° to this, a period of spacing 0.208 nm ((110) planes in the BCC cell) representing the contribution of the BCC phase (Table 1) to the structure of these grains. Figure 6d , shows a Fourier filtered image made with the ½½l (BCC notation) diffuse scattering (continuous lines) in the insert of Figure 6b . The white arrows in the image indicate atomic planes parallel to 001 fringes seen in Figure 6c , however, at a rather random spacing (planar disorder). Nevertheless, the multiplies of the basic fringe spacing of the BCC lattice (d002 = 0.147 nm) in the [001] direction, i.e., the 0.294 nm and 0.588 nm (2 × aBCC) still can be observed. Moreover, the [001] direction of the BCC lattice coincides with [001] of the (2 × 2 × 4) aBCC size cell. So, The internal structure in the large grains displays a striped contrast, corresponding to a large lattice spacing in them. The HRTEM image of these crystallites (grains) and the fast Fourier transform (FFT) diffraction pattern in the insert is shown in Figure 6b . The lattice fringe image was dominated by two spacings making 86 • with each other and having periods 0.59 nm and 0.204 nm, not possible in the BCC cell. However, the Fourier transform implies close structural relationship of the Cr-rich phase large grains with the BCC phase formed at 450 • C (a BCC = 0.294 ± 0.010 nm). The structural relationship was illustrated by the directions corresponding to the BCC lattice in Figure 6b . Doubling the periodicity with respect to BCC phase was evident in the Fourier transform; however, based on the appearance of the 1/(4 × 0.294) nm −1 periodicity in the reciprocal lattice, (2 × 2 × 4)a BCC size repeating units were deduced for the structure of this grain (Figure 6a ). Additionally, a continuous/diffuse scattering of the 1 2 1 2 l reflections was observed parallel to the [001]* BCC direction, indicating non-periodicity along the crystallographic c axis (Figure 6b ). In Figure 6c ,d Fourier filtered images of the same area are shown.
In Figure 6c the periodic components corresponding to the BCC 001 and 110 distances are shown and all the other components were removed from the image by filtering. The image visualizes the periods, corresponding to a BCC = 0.294 nm = d 001 and at an angle of 90 • to this, a period of spacing 0.208 nm ((110) planes in the BCC cell) representing the contribution of the BCC phase (Table 1) to the structure of these grains. Figure 6d , shows a Fourier filtered image made with the 1 2 1 2 l (BCC notation) diffuse scattering (continuous lines) in the insert of Figure 6b . The white arrows in the image indicate atomic planes parallel to 001 fringes seen in Figure 6c , however, at a rather random spacing (planar disorder). Nevertheless, the multiplies of the basic fringe spacing of the BCC lattice (d 002 = 0.147 nm) in the [001] direction, i.e., the 0.294 nm and 0.588 nm (2 × a BCC ) still can be observed. Moreover, the [001] direction of the BCC lattice coincides with [001] of the (2 × 2 × 4) a BCC size cell. So, the Cr-rich grains named A type in Figure 6a (and A in all other figures) can be considered a Cr-rich intermetallic phase with a unit cell 2 × 2 × 4 times the unit cell of the BCC phase, observed at and above 450 • C.
In Figure 7 the HREM analysis of the type "voids" (B in Figure 3a ) was carried out. As one can see, these areas were really voids in the metallic film, however, they contained material in the form of an apparently amorphous layer and small, 5-10 nm in size crystalline particles. The amorphous layer could be considered to be mainly the supporting SiO x layer. The analysis of the FFT diffraction pattern results in an FCC phase with about 0.42 nm lattice parameter (Figure 7c ). Local EDS measurement of the composition inside the "void" proves that these areas were dominated by Cr accompanied by only a little amount of the remaining HEA metal components (area #1 in Figure 8 and in Table 3 ). Areas #2 and #3 in Figure 8 and in Table 3 indicate compositional fluctuation on the tens of nm scale implying that the redistribution of components is going on. The composition measured in the whole area in Figure 8 demonstrates that the composition of the original HEA phase on average was basically preserved in the film. These results lead to the conclusion that the crystals, which remained in the voids have a possible composition Cr4-xMxO4 (M can be Co, Fe, Ni or Cu) corresponding to four molecules in the FCC unit cell of either CrO [25] or a HEA-oxide [26] Local EDS measurement of the composition inside the "void" proves that these areas were dominated by Cr accompanied by only a little amount of the remaining HEA metal components (area #1 in Figure 8 and in Table 3 ). Areas #2 and #3 in Figure 8 and in Table 3 indicate compositional fluctuation on the tens of nm scale implying that the redistribution of components is going on. The composition measured in the whole area in Figure 8 demonstrates that the composition of the original HEA phase on average was basically preserved in the film. These results lead to the conclusion that the crystals, which remained in the voids have a possible composition Cr 4-x M x O 4 (M can be Co, Fe, Ni or Cu) corresponding to four molecules in the FCC unit cell of either CrO [25] or a HEA-oxide [26] type phase. 
Discussion
As we could clearly see from Figure 2 , the changes of the structural transformations of the asdeposited CrFeCoNiCu HEA thin film could be divided into three temperature intervals. There were no changes below 400 °C, minor changes occur below 600 °C, and from this temperature rapid morphological transformations and separation of the components took place.
In the low temperature range below 400 °C at the present annealing periods no measurable changes occurred in the structure of the FCC CrFeCoNiCu HEA film.
During the annealing step at 450 °C a minor quantity of a new phase was observed with BCC lattice of a = 0.294 nm very close to that of Cr (a = 0.291 nm) and Fe (a = 0.288 nm). However, the identification of the grains of the BCC phase proved not to be straightforward. The BCC grains were located among the grains of the host FCC phase, having the same grain size. (Figure 2 ). This situation was preserved up to 550 °C. However, the nature of the FCC to BCC phase transformation was unclear. It could occur by nucleation and growth, probably accompanied by separation of components or by massive transformation without it. It could also happen by martensitic transformation, which according to [27] , could occur by a simple deformation mechanism, leading to well defined crystallographic relationship of the starting FCC and the resulting BCC phases. In the case of the two diffusionless transformation mechanisms, i.e., massive and martensitic, the original random distribution of the components was preserved. In the case of diffusion, transformation implies chemical ordering of components (without their separation) in the originally single phase FCC HEA structure, containing the five constituting components in random distribution. Chemical ordering induces the formation of superstructures, which manifests itself in the appearance of extra reflections in the diffraction pattern with respect to the random FCC or BCC phases. As there were no extra (forbidden) reflections detected with respect to the HEA FCC and the BCC (consequently HEA BCC) phases up to 550 °C (Figure 2a ) the preservation of the fully random distribution of the Table 3 . Elemental composition measured in the areas marked in Figure 8 . Analysis of spectrum: from a hole (Area#1), two small areas in the matrix (Areas #2 and #3) and the whole area of the STEM image in Figure 8 . 
As we could clearly see from Figure 2 , the changes of the structural transformations of the as-deposited CrFeCoNiCu HEA thin film could be divided into three temperature intervals. There were no changes below 400 • C, minor changes occur below 600 • C, and from this temperature rapid morphological transformations and separation of the components took place.
In the low temperature range below 400 • C at the present annealing periods no measurable changes occurred in the structure of the FCC CrFeCoNiCu HEA film.
During the annealing step at 450 • C a minor quantity of a new phase was observed with BCC lattice of a = 0.294 nm very close to that of Cr (a = 0.291 nm) and Fe (a = 0.288 nm). However, the identification of the grains of the BCC phase proved not to be straightforward. The BCC grains were located among the grains of the host FCC phase, having the same grain size. (Figure 2 ). This situation was preserved up to 550 • C. However, the nature of the FCC to BCC phase transformation was unclear. It could occur by nucleation and growth, probably accompanied by separation of components or by massive transformation without it. It could also happen by martensitic transformation, which according to [27] , could occur by a simple deformation mechanism, leading to well defined crystallographic relationship of the starting FCC and the resulting BCC phases. In the case of the two diffusionless transformation mechanisms, i.e., massive and martensitic, the original random distribution of the components was preserved. In the case of diffusion, transformation implies chemical ordering of components (without their separation) in the originally single phase FCC HEA structure, containing the five constituting components in random distribution. Chemical ordering induces the formation of superstructures, which manifests itself in the appearance of extra reflections in the diffraction pattern with respect to the random FCC or BCC phases. As there were no extra (forbidden) reflections detected with respect to the HEA FCC and the BCC (consequently HEA BCC) phases up to 550 • C (Figure 2a ) the preservation of the fully random distribution of the components was confirmed. This, together with the unchanged morphology supports that below 550 • C the kinetics of formation of the HEA BCC phase should take place by a diffusionless mechanism. Similar diffusionless transformation was reported for Al x CoFeNiCrCu bulk alloys [10] and attributed to the changing of Al content. In the present case the transformation in the CrFeCoNiCu HEA film occurred without any BCC forming additives and was triggered only by the increasing temperature. Summarizing, it can be inferred that the diffusionless formation mechanism of the HEA BCC phase is the first stage of transformations in the CrFeCoNiCu alloy films before the separation processes of components start and formation of further phases occurs.
Above 600 • C, (Figures 2 and 3) , we could establish that besides the residual matrix, in which the FCC HEA grains represent the majority phase, other grains an order of magnitude larger in size exist. These larger grains, which mostly contain chromium, and indicate that separation of components occurred ( Figure 4 and Table 2 as well as Figure 5 ), have superstructure reflections and also diffuse scattering in their FFT diffraction pattern. The superstructure reflections implying large unit cell parameters are integer multiples of the cell parameter of the HEA BCC phase. An example of such a Cr-rich grain with 2 × 2 × 4a BCC cell size is presented in Figure 6 . We attributed the formation of the large (2 × 2 × 4 times the BCC) unit cell Cr-rich phase to the ordering processes during the ongoing separation of components in the HEA alloy.
As indicated by the diffuse scattering ( Figure 6b ) observed in the Fourier transforms of the Cr-rich grains, these grains exhibit an aperiodic structure as well, which is related to chemical disorder. The direction of diffuse scattering coincides with the [001]* reciprocal vector of the BCC phase and can be attributed to planar disorder in these crystals. The proposed planar disorder means, that the atomic planes of the large unit cell of the Cr-rich phase normal to the [001] direction do not have a real translational symmetry along [001] (Figure 6d ) in the entire grain, but one or more of the five components concentrates on different (008) planes of the Cr-rich grain. However, other ordering patterns are also possible. This means, that the structure is regular for not more than a few unit cells (Figure 6d ), then the ordering pattern changes. In some cases this can mean single atomic planes with different order/composition from their neighborhood resulting in "infinite" reciprocal rods, parallel to the [001]* reciprocal vectors as observed in Figure 6b in the form of the streaks. However, as individual reflections in the FFT diffraction pattern along [001]* containing the BCC reciprocal vectors remain visible, we suppose, that this kind of planar disorder is the property of the large cell, within which the composing former BCC cells (a = 0.294 nm) are preserved at least partly (Figure 6c ). This explains the decrease of the number of BCC type reflections at temperatures above 650 • C as seen in Figures 2a and  3 , because the reflections of the Cr-rich phase and the BCC phase coincide only partly. It also has to be noted that, according to our HRTEM observations, various pathways of separation and ordering may exist, the example presented is only one of them. This can account for the numerous scattered reflections in the diffraction pattern taken at 700 • C (Figure 3 ) practically without regular positioning, which hampers a general description of these structures. A possible phase, present in the annealed up to 700 • C films, is the sigma phase [28, 29] . It is known that Cr is a strong sigma phase former below 700 • C, which can be deduced from the binary alloy phase diagrams of Cr-Co, Cr-Fe, or from Cr-Co-Fe ternary phase diagram [30] . The crystal structure of the sigma phase [29] belongs to the tetragonal space group with lattice parameters of a = 8.8 Å and c = 4.5 Å.
It was reported in the literature [10, 21, 22, 31] that the nucleation pathway of Cr containing sigma phase prototype of Cr-Co and Cr-Fe alloys formed either through the BCC/B2 phase or directly from the FCC matrix. BCC/B2 phase prototypes can be transformed to sigma phase due to the high affinity of Cr toward Co, Cr, or Fe. In our case we believe that Cr-rich phase is developed from the HEA BCC phase observed in the 450-650 • C temperature interval and serves as a precursor of the sigma phase. This is supported also by the fact that the HEA BCC phase and the Cr-rich phase have a strict epitaxial relation.
From Table 1 we can see, that after the annealing at 700 • C the structure is probably composed of several phases not easily separable from each other due to the observed crystallographic similarities. The textured fraction of the FCC HEA phase is still the dominating one with a fraction of it transformed to the L12 phase. Having a closer look to the nature of the 0.248 nm ring ( Figure 3 ) we could conclude that it has a mixed character. It has discrete diffraction spots, with a preferred orientation coinciding with that of the FCC HEA phase, which can be attributed to an ordered L12 phase. On the other hand, the 0.248 nm ring has a faint continuous ring as well, indicating a much smaller crystallite size. This ring we attributed to the FCC oxide phase, being a surface Cr-oxide with a = 0.42 nm as proven by HRTEM ( Figure 8 , Table 3 ). The most difficult task was the identification of the HEA BCC and the ordered Cr-rich phases in the diffraction pattern ( Figure 3 ). HEA BCC rings completely overlapped with those of the L12 phase. Regarding the Cr-rich grains, the large periodicities corresponding to the 2 × 2 × 4a BCC and similar unit cells were not detected in the in-situ SAED pattern (Figure 2a ), maybe due to their low intensities (see also Figure 3 ). All the other reflections coincided with the FCC and L12 HEA phases, and could not be separated even on the basis of the continuous or spotty nature of the diffraction rings (Table 1) . However, they were present in the FFT patterns of the high resolution images ( Figure 6 ). Furthermore, post annealing elemental mapping of the samples ( Figure 5 ) shows that small grains rich in either Cr or Cu are present in the structure indicating that the separation of components begins with Cr and Cu. So, the conclusion was that short time (5 min) 50 • C annealing steps result in a multiphase structure representing the initial stages of transformations, which were still far from equilibrium.
Summarizing the events above 600 • C, the HEA BCC grains served as precursors of the newly forming large Cr-rich grains and a transformation through ordering processes led to larger lattice periods in this phase. The grains of the Cr-rich phase were growing mainly laterally, remaining in the plane of the film (Figure 5 and areas 1 and 3 in Table 3 ). They were growing fast at the expense of the surrounding (still mainly nanocrystalline FCC HEA) matrix. During their growth, as it was related to the separation of the components from the surrounding matrix, the rate limiting kinetics must be volume diffusion. To get some insight into the kinetics of this process the activation energy of the growth rate of Cr-rich grains was estimated according to the procedure used in [32] . The calculated value of the activation energy for this process is 160 ± 30 kJ/mole and corresponded fairly well to that of bulk diffusion of Fe in Cu 187 kJ/mol in the temperature range between 650 and 1000 • C [33] . On this basis the rate limiting process in the high temperature range (T ≥ 600 • C) could be attributed to the lattice self-diffusion of components in the HEA alloy.
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The strong affinity of Cr to oxygen resulting in a surface layer of Cr 3 MO 4 (M can be: Fe, Co, Ni, or Cu) like composition in the void regions as well as over the whole film area (Figures 7 and 8 ) could be possibly responsible for an anticorrosive property of these alloys.
Conclusions
The CrFeCoNiCu HEA alloy films were stable in their FCC structure up to 400 • C. At 450 • C a HEA BCC phase appeared in the film. This change was considered to occur by a diffusionless phase transformation. The structure, composition and grain size of the newly formed BCC grains corresponded to the HEA FCC grains.
The separation of the components began above 550 • C. The actual activation energy of this process was estimated to be around 160 kJ/mol. It must be related to lattice diffusion in the HEA alloy, which should be the rate limiting process during transformations above 550 • C. These transformations were:
•
A new phase with a large unit cell, epitaxial to the already formed BCC phase started growing. The cell parameters correspond to 2 × 2 × 4 units of the BCC cell. The crystals possessed a planar disorder of atomic planes in one of the <001> directions, though the BCC lattice was preserved as an internal skeleton of their structure.
•
Formation of voids occurred in the metallic part of the film. These voids were, however, still containing a nano-crystalline phase of the composition close to CrO and having an FCC lattice of about 0.42 nm period. This must be the part of a surface chromium oxide layer, possibly contributing to corrosion resistance of these films. 
